Using perennial ryegrass infected with an Acremonium transformant carrying the Escherichis coli ED-glucuronidase gene (gusA) (GUS system) under control of a constitutive promoter, we have developed methods for the quantitative extraction of endophyte-associated GUS activity from plant material. Fluorometric assays of these extracts allow quantitative assessment of the distribution of endophyte-associated GUS activity within single plants (tillers) with high resolution. Fluorescence microscopy with the dye lmagene Green can in addition visualize individual GUS-expressing hyphae. Since the transformant expresses the GUS gene constitutively, GUS activity can be used as an indicator of in planta endophyte metabolic activity. Using this approach we found that (i) the concentration of endophyte metabolic activity in plant tissue decreases with increasing plant size, (ii) approximately 7 0 % of endophyte metabolic activity present in a plant is located in the leaf Sheaths, (iii) basal-apical gradients and lateral (younger to older tissue) gradients of endophyte metabolic activity exist and (iv) basal-apical gradients are established early in leaf development. Our data suggest that the concentration of endophyte in each part of the plant is regulated so that a predetermined threshold of total endophyte activity per plant is not exceeded and a consistent distribution pattern is maintained.
INTRODUCTION
Unravelling the interactions in endophytic mutualism at sistance and leads to changes of grass morphology, growth rate and growth yield (Scott & Schardl, 1993; Siegel & Schardl, 1991 ; West, 1994) . In contrast, our understanding of the interactions leading to these effects between plant and fungus the cellular and molecular level is-a-challenging experimental task: the very processes one wants to study only take place during the association of the participating organisms which cannot easily be separated for analysis or manipulation. As a result of these difficulties, our knowledge of interactions between grass endophytes and their hosts is largely restricted to their final consequences. We know that the systemic presence of the endophyte in the intercellular spaces of the host elicits the synthesis of agriculturally important herbivore deterrents, increases drought reAbbreviations : ANOVA, analysis of variance ; GUS, P-D-g I ucu ron idase ; MUG, 4-methylumbelliferyl glucuronide; MU, methylumbelliferone.
is very limitea and mainly based on &direct evidence such as observations of the fungus in uitro or extrapolation from other systems (Porter, 1994; Siegel & Schardl, 1991 ; West, 1994) .
Advances in molecular biology have recently opened up new possibilities for studying plant-fungus interactions at the level of gene expression, using the GUS reporter gene system (Escherichkz coii /3-D-glucuronidase gene) (Jefferson, 1987) . A number of groups have developed methods for transforming plant-associated fungi with this reporter gene under the control of a fungal promoter and demonstrated that fungal reporter gene expression can easily be observed in planta due to lack of GUS activity in the host plant tissue (Bunkers, 1991;  0002-0906 0 1997 SG M IP: 54.70.40.11
On: Thu, 27 Dec 2018 11:05:27 S . H E R D a n d OTHERS Couteaudier et al., 1993; Monke & Schafer, 1993; Murray et al., 1992; Smit & Tudzynski, 1992) . For Acremonium grass endophytes, methods for transformation with the GUS reporter gene and for reintroducing these transformants into plants have been developed by Murray et al. (1992) and Latch & Christensen (1985) .
These studies have established that the GUS reporter gene could in principle be used to monitor spatial and temporal patterns of in planta endophyte gene expression, which would allow the definition of functions of genes involved in the symbiosis. Because of the ease and sensitivity of fluorochrome-based GUS assays (Jefferson, 1987 ) their use could also provide an attractive alternative method for determining the distribution of endophyte mycelium within the plant if the GUS gene is constitutively expressed by the endophyte; all other current methods for determining fungal biomass in planta, such as microscopic observation, chemical, immunological or PCR-based assays of fungal compounds have drawbacks in terms of sensitivity, time requirements or cost (Ball et al., 1995; Ride & Drysdale, 1972; Roberts et al., 1988; Takenaka, 1995) .
However, reliable information can only be gained from such uses of reporter genes if methods are developed which ensure that fungal reporter enzyme activity is extracted from plant material with consistent high efficiency. Otherwise loss of sensitivity, day-to-day variation or tissue-specific differences in extraction efficiency will obscure the information which the use of GUS-containing endophytes could provide. None of the previous studies on the use of GUS in plant-associated fungi have included the development and/or testing of appropriate extraction methods.
Using an Acremonium transformant, expressing the GUS gene under the control of a constitutive heterologous promoter, the Aspergillus nidulans gpdA (glyceraldehyde-3-phosphate dehydrogenase gene) promoter (Devchand & Gwynne, 1991; Murray et al., 1992; Roberts et al., 1989) , we have therefore developed methods which meet the above criteria and allow sensitive and reliable quantification of in planta GUS expression by endophytic fungi. In a first application we have used these methods for exploring the spatial distribution of Acremonium endophyte metabolic activity within perennial ryegrass plants.
Strains and plant growth conditions. All experiments were carried out with Acremonium transformant FM13 (Murray et al., 1992) or its parent strain Lpl in perennial ryegrass (variety 'Grasslands Nui'). FM13 was created by Murray et al. (1992) through cotransformation of Lpl with the hygromycinresistance plasmid pAN7-1 (Punt et al., 1987) and the plasmid pNOM-102 (Roberts et al., 1989) , containing the GUS reporter gene under the control of the Aspergillus nidulans glyceraldehyde-3-phosphate dehydrogenase promoter. Its GUS activity is in the middle range of activities observed for GUS-expressing Lpl transformants (Murray et a/., 1992). Ryegrass seedlings were infected with the endophytes one year prior to their use in this study, using the method of Latch & Christensen (1985) , and tufts of plants were maintained in greenhouses in 1.41 pots containing potting mix to which Osmocote (Grace Sierra, Australia) slow-release fertilizer had been added. Plants were not cut back within two months preceding their analysis for GUS activity. T o control powdery mildew, leaves were rubbed weekly with cotton swabs containing 70 ' / o ethanol. Determination of efficiency of extraction of endophyte GUS activity from plant material. Multiple plants were removed from tufts of grass and dissected into samples containing (i) leaf blades, (ii) leaf sheaths, (iii) emerging leaves, (iv) all immature tissues in the core of the stem and (v) roots. The tissues were then cut into 1-2 mm2 pieces. This material, (30-120 mg, equivalent to 5-20 mg dry weight) was used for extraction and transferred into preweighed Eppendorf tubes whose lids had been perforated using a needle. Each Eppendorf tube was immediately transferred to -20 "C. When dissection of a plant was complete, all tubes were transferred to the cavities of a metal block from a dry bath (Thermolyne) precooled to -70 "C and insulated by a Styrofoam shell. Liquid nitrogen was then added to each sample and it was ground to a fine powder using a micropestle (Eppendorf 0030120973). Powdered samples were transferred to precooled (-20 "C) vacuum flasks and freeze-dried for 2 4 4 8 h. Immediately after removal from the freeze-drying apparatus, samples were weighed and then immediately suspended in 600 p1 GUS extraction buffer [50 mM sodium phosphate, 10 mM B-mercaptoethanol, 10 mM sodium-EDTA, 0.1 ' / o sodium lauryl sarcosine, 0 1 '
/ o
Triton X-100; Jefferson (1987) ], precooled to 4 "C, and placed on ice. Samples were then placed in an ethanol-ice bath and sonicated using an MSE Soniprep 100 sonicator with a microtip. Samples were subjected to 15 cycles of sonication at an amplitude of 14 pm for 15 s and 40 p1 samples were removed prior to sonication and after 1, 2, 3, 4, 7, 11 and 15 cycles; 40 pl of buffer was added following each sampling. Samples were subsequently centrifuged for 5 min at 15 000 g and supernatant was collected and kept on ice until used in GUS assays. GUS activity was analysed by a modification of the methods described by Jefferson (1987) . T o 10-160 p1 of supernatant, 4-methylumbelliferyl glucuronide (MUG) in GUS extraction buffer was added to give a concentration of 1 mM MUG in a final volume of 200 p1, and the mixture was incubated at 37 "C (both extract and MUG stock solution were brought to this temperature before mixing). Throughout all assays the concentration of MUG remained above 0.9 mM. Samples of 40 pl were taken at four timepoints 10-300 min after the assay had been started and were mixed with 2 ml stop buffer (0.2 M Na,CO,). A Hoefer TK 100 fluorometer (excitation 355 nm, emission 460 nm), calibrated with 50 nM methylumbelliferone (MU) was used to determine MU concentration at each time point. Samples were diluted with stop buffer if their fluorescence exceeded the linear reading range of the fluorometer. Linear regression was used to calculate enzyme activities. Assays were always conducted within 60-90 min after extraction since overnight storage of extracts at -20 "C or -70 "C led to significant reductions in activity.
GUS activity in the supernatant samples removed after different numbers of sonication cycles was subsequently plotted against the inverse of the number of sonication cycles to determine the maximum extractable activity (the activity extractable by an infinite number of sonications). Based on the latter value the fraction of the maximum extractable activity released by different numbers of sonication cycles or by Fig. 1 . Example of determination of maximum activity in plant tissue and the percentage released by sonication. Ground plant tissue (in this case immature tissue from the core of the stem) was suspended in extraction buffer, sonicated, and GUS activity in the supernatant was determined as described in Methods. Maximum activity was estimated, using linear regression, as the activity at lho. of sonications = 0, in this case 12.119 pmol MU min-' (mg plant tissue)-'. This value was then used to define the number of sonications required to release at least 85% of this activity (labelled in Figure) , in this case two cycles of sonication.
grinding alone was determined as well as the number of sonication cycles required to release at least 85 O/ O of all activity (see Fig. 1 for an example).
Analysis of the distribution of endophyte GUS activity within individual plants. Plants were harvested between November 1995 and January 1996. Dissection of individual plants (or to use the agronomic term, tillers) was carried out as follows. Each mature leaf of each plant was dissected into upper and lower half of the leaf blade and upper and lower half of the leaf sheath. The emerging leaf of each plant was dissected into three portions, the uppermost section protruding from the stem plus the upper and lower half of the part of the emerging leaf obscured by the surrounding leaf sheaths of the mature leaves. Additional sections included immature prospective leaf tissues within the core of the stem and new shoots (axillary shoots) emerging between the leaf sheaths and roots (Fig. 2) . Sections whose fresh weight exceeded 120 mg were divided between two Eppendorf tubes, one of which was used for dry weight determination only. The extraction and assay of GUS activity was carried out as described above, using four cycles of sonication. (Haughland, 1992) . Plant sections were incubated with 50 pM Imagene Green in extraction buffer without mercaptoethanol at room temperature for 1-5 h. Samples were analysed with a Nikon Diaphot inverted microscope using an Omega XF22 filter set (excitation 485 nm, dichroic mirror cut-off 505 nm, emission 530nm). For photography a Nikon F-601 camera with Fuji Neopan 400 film was used. 
RESULTS

Development of methods for extraction of endophyte-associated GUS activity from plant tissue
We initially attempted to release endophyte-associated GUS activity from plant material solely by grinding samples in liquid nitrogen. However, microscopic observation of the resulting preparations after their suspension in extraction buffer revealed the presence of fragments of up to 100 pm diameter, in which GUS activity was retained within hyphae as assessed by staining with the fluorogenic GUS substrate Imagene Green (data not shown).
We therefore chose sonication to further break up such fragments and thus release a larger proportion of GUS activity. To assess the effect of sonication we compared the percentage of all extractable activity released by grinding alone and various numbers of sonication cycles '> Activity per mg plant tissue in supernatant prior to sonication as percentage of total extractable activity calculated as described in Fig. 1 .
tObtained by comparing the activity in a supernatant sample collected after 15 cycles of sonication with the total extractable activity calculated as described in Fig. 1 . *Determined using linear regression as described in Fig. 1 . $Obtained by comparing the activity in a supernatant sample collected after the fourth cycle of sonication with the total extractable activity calculated as described in Fig. 1 .
11 Eight independent extractions were carried out for immature leaf tissue, three for leaf sheaths and four extractions for each of the remaining tissue types. 7Emerging leaf sections contained the youngest leaf whose tip had emerged from the stem and was visible without dissecting the plant but which had not yet acquired a fully differentiated ligule, the ridge marking the border between leaf sheath and leaf blade. '"Immature leaf tissue samples contained the undifferentiated tissue at the core of the stem (apical meristem) plus partially differentiated leaves within the core of the stem which were not visible without dissecting the plant.
as described in Methods. The results of these experiments for various tissue types are shown in Table 1 . Grinding alone released only an estimated 0-52-0.85 of the total GUS activity ; furthermore extraction efficiency differed between tissue types. Extraction from roots was 40% less efficient than that from the remaining cell types; differences between the latter ranged from 3 to 21 '/o. Sonication for 15 cycles (the maximum number tried) could in contrast release virtually all activity and differences in extraction efficiency between different tissue types did not exceed 13%. In order to keep differences in extraction efficiency between different tissues at an acceptable level, while minimizing the time requirement of the method, we determined the minimum number of sonications required to release 2 85% of activity from all tissues. Four cycles of sonication sufficed, and differences in extraction efficiency between most tissue types ranged between 0 and 9 Yo (Table 1) . Extraction efficiency for root tissue was up to 16% lower than that of some of the other tissue types; however this was considered acceptable given the limited activity by conducting the extraction efficiency experiments described above with both fresh and lyophilized tissue and calculating the ratio between activity in lyophilized material and activity in fresh material. There were no significant tissue-specific differences in regard to the ratio of activity of lyophilized tissue : activity of fresh tissue (1.25f0.26 for leaf blade tissue, 1.16f0.68 for leaf sheaths, 1.23 f 0-12 for emerging leaf, 0.89 0.35 for immature tissue at the core of the stem and 0.93 f 0.27 for root) and the combined ratio for all tissue types was 1.092 +_ 0.17.
We therefore adopted, as our standard method, extraction of ground lyophilized material by four cycles of sonication. T o verify the reproducibility of the method, we conducted three extractions and three GUS assays on the same root material and five extractions and ten assays on the same leaf blade material. Of the thirteen values of activity per dry weight obtained, twelve were within 10% of the sample averages and only one exceeded this limit (83 % of sample average).
accuracy of GUS determinations in root tissue due to other factors (see below). In order to relate GUS activity to the dry weight of the plant section analysed, it was necessary to freeze-dry and weigh plant samples prior to extraction of GUS activity. We confirmed that lyophilization did not reduce
We also assessed background GUS activities obtained using this method in plants infected with untransformed endophyte (Table 2 ). These background activities were negligible compared to values obtained for samples from plants containing transformed endophytes except in the case of root tissue (see below). t Includes blade tissue from emerging leaves.
+Tissue from those parts of the core of the stem engulfed by the sheaths of the fully developed leaves. The lower core sections contained material from the basal 2 c m of the core, the upper sections the remainder of the core. Fig. 3 . Dependence of endophyte metabolic activity on plant size. Ten plants were dissected and GUS activity was assessed as described in Methods. In the graph the sum of GUS activities in all sections of each plant was plotted against the sum of dry weights of all sections. Since each plant was dissected completely, the latter sum represents the dry weight of the entire plant.
Quantification of in planta endophyte metabolic activity as constitutive GUS expression
In the endophyte transformant used in this study, GUS expression is driven by a constitutive heterologous promoter (Devchand & Gwynne, 1991; Murray et al., 1992; Roberts et al., 1989) . Levels of GUS activity should therefore be largely determined by overall protein synthesis rates of the endophyte, and GUS activity can thus serve as an indicator of metabolic activity of the endophyte. In a first application of the methods developed we therefore used GUS expression to assess in planta endophyte metabolic activity. T o this end we dissected ten plants as described in Methods and assessed endophyte-associated GUS activity separately in each section of each plant. Five plants contained two mature leaves plus an emerging leaf in which the ligule (the ridge marking the border between sheath and blade)
was not yet fully developed. Five plants contained four mature leaves plus an emerging leaf.
By pooling weights and activity data of all sections of each plant, we initially determined the relationship between total endophyte activity and plant weight (Fig.  3 ). Up to a plant dry weight of approximately 50 mg, endophyte metabolic activity doubled with every doubling in plant weight. Further doubling in plant weight, however, was only accompanied by a 1.3-fold increase in endophyte metabolic activity . The highest concentration of endophyte metabolic activity occurred in the leaf sheaths, followed by that of mature leaf blades which had ten times less activity. The lower part of the emerging leaf had concentrations approximately ten times lower than that in mature leaf sheaths, and the upper part of the emerging leaf had a 100-fold lower concentration of endophyte metabolic activity than mature leaf sheaths. Roots contained < 0.3 YO of the concentration found in leaf sheaths (Fig.   4) . The average activity per dry weight of root tissue was not significantly higher than the average background values found in plants containing untransformed endophyte ( Table 2 ), indicating that little or no endophyte mycelium was present in the roots. Of all activity present in a plant, 65-85 % was contained in the mature leaf sheaths, 10-30% in the mature leaf blades, 0-20% in immature tissue in the core of the stem and O.S-lO% in emerging leaf tissue (Fig. 5) . The differences in percentage of total activity between the different tissue types were statistically significant with the exception of the difference between immature tissue and emerging leaf tissue (analysis of variance, ANOVA; P < 0.05).
Spatial gradients of in planta endophyte metabolic activity within plants
In the vast majority of leaves, the concentration of endophyte metabolic activity followed a basal-apical gradient (lower part of leaf sheath > upper part of leaf sheath > lower part of blade > upper part of blade) ; an ANOVA demonstrated the statistical significance of the observed gradient ( P < 0.05). Basal-apical gradients also occurred in the emerging leaf tissues with concentration of activity being significantly higher in any other material assayed, these three upper blade sections consisted of tissue which was severely wilted as a result of having been accidentally trapped underneath the containers in which the plants were raised. The apparent increase in activity was not due to a high background activity in wilted tissue (see Table 2 ) ; deterioration of plant tissue may thus increase endophyte metabolic activity.
Lateral gradients across the different mature leaf sheaths (but not across the mature leaf blades) were also observable. In eight out of ten plants, the innermost and youngest mature leaf sheath (no. 1) contained a higher concentration of endophyte metabolic activity than the remaining leaf sheaths. A paired t test showed that in the average plant the concentration of activity in the no. 1 leaf sheath was significantly higher than the average of the concentration of activity within the remaining leaf sheaths of the same plant ( P < 0.005). In young plants, the lateral activity concentration gradients seemed more pronounced than in the older plants but the statistical significance of these differences could not be shown.
Also apparent from Fig. 4 is a decline in the concentration of activity in the youngest leaf sheaths and leaf blades with plant size. Leaf blades nos 1 and 2 had an %fold higher concentration of endophyte metabolic activity in two-leaved plants than in four-leaved plants.
In a t test this difference was significant with P < 0.001.
Similarly, leaf sheaths nos 1 and 2 had a significantly (1.8-fold) higher concentration of activity in two-leaved plants than in four-leaved plants ( P < 0.01 ; t-test).
Endophyte metabolic activity and gene expression Application of fluorescence microscopy for more precise spatial definition of the distribution of endophyte metabolic activity Future use of the GUS reporter gene in endophytes may include observations of genes which may be expressed only in very specific regions. We therefore explored the usefulness of the fluorogenic GUS substrate Imagene Green to visualize GUS-expressing hyphae using fluorescence microscopy. Staining with Imagene Green visualized metabolically active hyphae in all parts of the plant where their presence was expected based on the results described above, and their density in different tissue types was also in accordance with our extract data (Fig. 6) . This was most noticeable in cross sections of young plants (Fig. 6a) showing the strong preference of metabolically active hyphae for the leaf sheath of the youngest mature leaf (i.e. the youngest leaf containing a fully differentiated ligule) compared to either older leaf sheaths or immature tissue and emerging leaf. We did not find any hyphae in root tissue among the plants included in this study -one of us has, however, observed such hyphae in other sets of plants (K. Saunders, unpublished observations).
DISCUSSION
T o understand the effect of endophytic fungi on their host grasses we need to identify with far greater precision the interactions between the symbiotic partners. Currently even some very basic questions relating to these interactions remain largely unanswered, such as how the endophyte is actually distributed throughout the plant, and how the overall concentration of endophyte in a plant correlates with the extent of beneficial or detrimental effects. The effects of plant genotype and environmental conditions on the extent and distribution of in planta activity of the endophyte and how plant and endophyte interact in the synthesis of agriculturally important alkaloids formed by the symbiosis are also still largely uncharacterized (Siege1 & Schardl, 1991).
Since methods for the genetic manipulation of grass endophytes have now become available , reporter genes can be used to address these questions. Building on the transformation experiments of Murray et al. (1992) we have therefore devised methods which make the GUS gene a reliable and sensitive tool for studying endophyte-plant interaction. Our methods allow the extraction of endophyteassociated GUS activity with consistent high efficiency from all grass tissues in which the fungus is present. Since background activities are negligible, they thus allow the use of the GUS reporter gene to determine quantitatively the distribution of in planta expression of endophyte genes with unprecedented accuracy and resolution. With the endophytic transformant used in this study, even for low activity tissue such as leaf blade, samples of 1-2 mg dry weight were quite sufficient for GUS activity assays, and for high activity tissues such as leaf sheaths, samples of 10-20 pg dry weight would In a first application of the method we determined the distribution of endophyte metabolic activity across plants, using constitutive GUS expression as an indicator. Our data on the distribution of endophyte metabolic activity correlate with the few published observations on the in planta distribution of Acremonium mycelium, using antibodies or microscopic assessment of the concentration of hyphae ; all of these previous studies describe higher concentrations of hyphae in the lower parts than in the upper parts of grass plants (Ball et al., 1995; Di Menna et al., 1992; Keogh et al., 1996; Musgrave & Fletcher, 1984) correlating with the gradients of metabolic activity observed in this study. Likewise, Keogh et al. (1996) described differences in the concentration of endophyte between leaves of different age comparable to the differences in metabolic activity observed by us. These sets of data are not directly comparable, having been obtained with different strains of endophytes and grass clones as well as under different growth conditions. Nevertheless the correlation between total endophyte concentration and endophyte metabolic activity suggests that the gradients in endophyte metabolic activity observed by us reflect mainly the distribution of hyphae of similar metabolic activity rather than extreme differences in the metabolic activity between hyphae in different parts of the plant. Furthermore the consistency with which these gradients are observed with different genotypes and under different growth conditions would indicate that they may constitute a general phenomenon applying to many grass-endophyte symbioses.
Due to the sensitivity of our method, our observations provide a more complete and detailed view of these gradients than the studies cited above and thus allow some tentative conclusions as to how spatial patterns of endophyte metabolic activity might be established and maintained throughout proliferation of the plant. Apparently each new leaf becomes infected with endophyte in the earliest stages of emergence in the core of the stem, since endophyte metabolic activity is observed in immature leaf tissue well before it emerges from the stem. A basal-apical gradient of endophyte metabolic activity is established well before the ligule appears as a fully differentiated structure.
Following the differentiation of the ligule, the now mature leaf increases its endophyte metabolic activity both in blade and leaf sheath; however the extent of this increase seems to be highly regulated by two factors. It apparently depends firstly on the overall concentration of endophyte in the plant which, as seen in Fig. 3 , does not exceed a certain threshold. Second, the activity increase is restricted so that the overall percentage of endophyte metabolic activity in all leaf sheaths does not exceed 6 5 4 5 % and the activity in all blades does not exceed 10-30 ' 340 ; the latter conclusion is based on the observation that these percentages are remarkably constant irrespective of the size of the plant (Fig. s) , whereas concentration of metabolic activity in individual leaves and leaf sheaths varies considerably with plant size (Fig.  4) . These restricting mechanisms apparently work simultaneously on all leaves; as the lower activity in older leaves (leaves 3 and 4, Fig. 4) shows, the concentration of metabolic activity of established mature leaves declines as new leaves mature and increase in activity.
Each individual leaf thus seems to go through a cycle in which endophyte metabolic activity first increases as the leaf develops, reaches its peak upon maturation of the leaf (i.e. upon full differentiation of the ligule) and then declines as new leaves are formed at the core of the stem, with the extent of both initial increase and subsequent decline dependent on the concentration of endophyte in other parts of the plant. It would be of importance to determine how endophyte metabolic activity is monitored and controlled by the system; based on some preliminary observations, it seems that the plant plays a considerable and active role in this. Firstly we found that if the same endophyte transformant is introduced into different clones of the same ryegrass cultivar, total endophyte concentration within the different clones can differ by an order of magnitude; this holds true for both GUS activity in extracts as well as the concentration of GUS-expressing hyphae (D. B. Scott, K. Saunders, J. Schmid & S. Herd, unpublished observations). Secondly in the wilted tips of blades, endophyte metabolic activity increased rather than decreased, suggesting that the decline in endophyte activity in older leaves is not merely a result of the onset of decay.
Many of the apparent ' rules ' of endophyte metabolic activity distribution described above may not apply to all endophyte-plant associations but may be specific to the one used in this study. In the future we will therefore extend our observations to test whether the distribution in other endophyte-grass combinations follows similar patterns and how these distributions are affected by environmental conditions such as nutrient or water supply. In some endophyte-grass combinations, the plant appears negatively affected by the endophyte (M. J. Christensen, unpublished observations) and our methods could be used to determine whether this is caused by an excess of endophyte metabolic activity. If we can confirm the differences in the concentration of endophyte metabolic activity between different grass clones of the same species, genomic subtraction methods could be used to identify plant genetic elements responsible for controlling the proliferation of the endophyte. We would also like to combine GUS analysis with assessments of total fungal biomass such as microscopic determination of the volume of endophyte hyphae per dry weight of plant tissue. This would make it possible to determine if the plant only controls endophyte metabolic activity by restricting the amount of mycelium or whether mycelium in different parts of the plant differs in its metabolic activity.
Based on our observation that a similar pattern of endophyte metabolic activity exists in multiple plants of the same genetic background, it will now also be possible to complement our assay with others which, since less sensitive, require pooling of material from several plants, such as HPLC analysis of toxins and alkaloids formed by the symbiosis. It should thus be possible to determine if the distribution of these compounds simply follows the same pattern as that of endophyte metabolic activity or whether toxin synthesis pathways are under the control of specific regulatory mechanisms. Another basic question which can now be addressed is the extent to which the endophyte relies on the host for its supply of basic metabolic precursors. Since housekeeping genes from Acremonium endophytes can be cloned (Collett et al., 1995) , it will be possible to judge -using reporter genes -whether they are expressed in planta. If not, the respective endophyte pathway is presumably turned off since its products are provided by the plant.
Quantitative methods for determining endophyte GUS expression in planta should thus rapidly advance our understanding of a variety of aspects of these interesting and important symbioses.
